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1 - SUMMARY

This report describes the test results obtained in the
Task 2 portion of this contract which involved a fairly detalled
study of the short-tzrm tensile and low-cycle fatigue behavior
of zirconium-copper (1,2 hard) in arfon at elevated temperatiures
A total of 35 tests wss performed in determinations of the temp-
erature and atrain rate effects on tensile progerties, the mcdu=-
lus of elasticity from room temperature to £93°C, the temperstur
effeit on the low-cycls fatipue 1ife at a strain rate of 2 x 10
sec™ , and tha effect of gtrain rate and hold time on the low-
cycle fatipue 1ife at 538°C, Hourglass-shaped specimens were
used in conjunction wizh a dismetral extensometer in the evalua-
tions of the jhort-term tensile asnd low-cycle fatigue properties

while a cylinlirical gage section specimen was used in conjunction

with an axial extensometer in the modulus of elasticity measure-
ments which were made In air.

These studies showed that the modulus of elasticity of
the zirconium-copper alloy decreased from 115,000 to 70,000 MN/m
as the temperature increased from room temperature to 593°c. It
was also shown that the 0.2% yield and ultimate tensile strength
of the zirconium-corper alloy decreaseg with increasing tempera-
ture reaching values close to 150 MN/m< at 593°C, Reduction in
area increased slirhtly with increasing temperature and reached
a value close to 70 percent at 593°C, In the axial-strain-con-
trolled low-cycle fatirne tests it was found that the fatigue
resistsnce at h82°C was essentially identical to that observed
at 593°C and'théf’thgs behavior was essentially identical to
that observed at 538°C in the Task 1 effort. Decreased strain
rates and rold periods in tension reduced the fatigue 1ife at
538°C while hold times in compression had no effect on the
cfatigue liZe at this temperature, Stress relaxation curves ob=~
tained in the nold-time tests indicate very similar results for
the tension and compression relaxations although in the first
second or 3o zhe Sensicn rela.~tlcn eppeared to be more rapid.
After tre firat cycle or 3o the ratio of the smount of reslaxa-
tion per cycle divided by the stress at the czart of the cycle
reriained constant for essentislly the entire test.

2




S - INT..0DUCTION

Zepeneratively=-cooled, reusable-rocket noznle liners such
as found in tne enrines of the Space Shuttle, Orbil-to-Orbit
Shuttle, Spacs Tug, etc., undergo a severe thermal strain cjycle
during each firing., To withstand the severe cycles, the liner
material must have & proper combination of high thermal concuc-
tivity and nigh low-cycle fetigue resistance. Ccopper-base 21107
possess these desirable sualities and were thusly chosen lor
shis prorram, <“he purpose of the inveatigation i3 to screen &
variety of candidate allo7s, celect the most prormising for <he
application, and <o cenierate material property datsa that are
required in the desirn and 1ife predicticn of rocket nozzle

liners,

. -~

In the Task 1 effort (see NASA CR 121259) on this program
a detailed screenins evaluation was performed to provide an
assessment of the tensile and fatigue properties cf 12 candi-
date materia%s (11 copper-base alloys and silver) at tempera-
tures to 538°C. JShort-term tensile tests were_performed in
duplicate using a strain rate of 2 x 10~3 sec~! to provide
reasurements of the 0.2 yield strength, ultimate tensile
strenrtn and redvction in area at room temperature and at 53800.
Low-cycle fatigue evaluation§ were_perfermed at 5389C using an
axial strain rate of 2 x 10 sec~l in completely reversed tA-
ratio of infinity), axiel strain controlled tests based on =zxial
ioading. All roort temperature evaluations were perforned in
air while all tests nt £380C were performed in high purity argon
in which the oxyrmen level was maintained below 0.01 percent by
volume, Ilourclass-cheped specimens and diesmetral extensomesry
were employed in both the tensile and fatipue evaluations
while the use of an analog strain computer enabled the fatigue
tests 5u be performed in axial strain control.

Alfter %he Task 1 sffort was completed the JASA Project
Manarer nerformed a detniled review of all the material prcperty
informnation pertainin~ to the 12 candidate materials and selected
one material to be tested in additional detail in the Task 2
portion of this program, This material was the R-2 alloy, zir-

con’un-copper, 1/2 Hard,

The material property measurements specified for the
Task 2 effort included the following:
1) snert-term tensile at_482° and 593°C usinc a strain
rate of 2 x 10=3 sec-1;
2) short-term tensile at 53800 using strain rates of




- 2o -2 -1
4 x 10 and 1 x 10 ° sez T3 o
3) med:luz -7 slasticity from rcor temperature to 593°C

~NoA

=rain rate of 2 x 10-3 sec -1;

using a
) strain- wtraolled low-cycle fatieue benavior at
482¢ ani Z2:303
3) strain-:-ntrolled low-cycle fatigue benhavigr at 36°¢

28ing st ~2in rates of I} x 1074 and 1 x 10-2 gec~ o

erid A~} strzin-:-ntrclled lew-cycle fastirue behsvicr at 538%¢C
to avali==e the offect of hold periods in tension
and in ccmpresasion

11 the tensile =nd fatipue tests were performed in
argon usin; L.ou-~-lass-3haped specimens while all the modulus
of elasticity mez:=:remants werse performed in sir using ¢ylindri-
cal gage sectior. specimens. A servo-controlled, hkydraulically
actuated fatigu= testing machine was usad in sil these evalua-
tions and the tn—saded test gpecimens ware mounted in the hold-
ing fixtures of the tast mechine using special threaded adaptors.
For the environm=ntal (argon) tests a specially constructed
pyrex containmenz vessel was positioned between the holding fix-
tures of the fatIzue machine and neoprene low-Torce beilowe at
either end provizZed the seal to enable the desired e¢as purity
levels to be maizzained ‘throuchout the test. Side outlets
(with appropriats seals) on this containment vessel provided
entrance pcrts t:> accemmedate the extensometer arms and special
lead-throurns 1e=> the bottom of the ccntainment vessel en-
ablsd the thermo:cuples,used for specimen temperaturs mesasure-
ment, to be routsZ cut to the temperature control system. Spec-
imen test temper=z=I{lures were attained using induction heating
and thils was provided by winding aclosely spaced inducticn coil
seround the cuter =zurface Jf the cylindrical contaimment vessel
(see Figure 1).

All for—ce meassurements were made usins g load cell
mounted within tze loedine train of the fatigue machine and
specimen strains were measured usine specially designed, high
temperature extersometers, for the short-term tansile and
fatipgue evaluaticz a diametral extensometer was employsed while
an axial extenscm=ter was used in the modulus of elasticity
determinations, X special test procedure was developed to
allow the snert-Tzrm tensile tests to be performed ut a con-
stant strzin rate which was maintained throughcut the test, 1In
the fatipue tests an analog strain computsr was employed which
allowed the diame<ral strain sienal to be used in conjunction
with the locaéd sigmal so as to provide an instantansous value
for the axial str=2in which was then the controlled variable.
Whnen the modulus messurements were made the axial extensometer
was attached to =z-e cylindrical test spesimen (;age length of
1.27 cm) and ther *he specimen was loaded within the elastic
region while a pl-t was made of the correspondinz load and
axial strein infcrmacion., A slcpe calculation of this record
yielded the desirs=3 modulus value,

Trhe stu3iies performed in this Tesk 2 effort to define
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2 parailel side arms,3.2 cm diameter
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Pyrex ccntainment vessel Induction coils

Figure 1- Schematic of Pyrex Environmental Test Chamber.
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ure, stre'n-rate and hold-time effects yielded some

wa o,

important information for the -2 alloy. Some ;eneral observa-
tions of special interest inciude:

1)

2)

3)

L)
5)

6)

8)

9)

the 0.2% yield strength and ultimate tensile stTength
of the -2 alloy decrease gradually with increas%ng
temperature and very from about 340 ang 380 IN/m
respgctively at room temperature to abcut 150 znd 160

/M2 at 5930C; the reduction in area increases frad-

1211y to about 90% as the temperature is increzsed to
£93°C; ,

the tensile properties of the material were not sig-
nificantly affected by strain rate at 538°C over the
range fren Lox 1074 teo 1 x 10-2 sec1;

the modulus of elasticity decreased frcn about 115,000
to 70,000 I'F/m2 over the temperature range from Toom
temperature to 593°C;

The R-2 alloy exhibited a very decided cyclic strain
softening; 3 -1
the fatigue 1ife at a strain rate of 2 x 1077 sec

wes unaffected by temperature over the range f{rom

4820 to 593°C;

the fatigue life at 538°C was decreased as the strain
rate decreased;

the fatigue 1life at 538°C was decreased by hold periods
in tension; hold periods in compression exertec essen-
tially no effect on the fatigue life;

the amount of stress relaxation which occurred during

a tension hold period was the same as that cbgserved in
a comprassion hold period of the same durations;

after the first fati~ue cvcle or so the ratio of the
stress cecrease due to relaxation to the stress level
a4t the start of the hold period remained essentially
constant throuprhout the test.



TIT - MATERIAL AND SPECIINS

3pecimen material for use in this porticn cf the
prorram was suppliesd by NASA-Lewis lesearch Center, Tlevg}agd,
Ohio. Tt was zirconium-copper alloy in the 1/2 hard condition
and was deairnated as the -2 alloy. This mrterial was pur-
chased from Bridreport Brass Co. in the form of 1.90 ecm dlanm-
eter round bars, i7i1] Order 26700 (50> reduction of arca dlus
aged). llominal composition: (5 by Wt.) 2Zr-,20, Wi-,002, e-.002,
Ju=-balance,

Thirty-aiprht (38) specimens having the design shown
in Pirure 2 were fabricat d for use in the tensile and lfazigue
evaluations, In addition, three (3) specimens of the desigu
shown in Fimure 3 were macnined for use in modulus of elasticity
measurements. A pnrotograph of these two types of test specimens
is presented in Figure l.

After beings machined, all specimens were wrapped in
soft tissue paper and placed in individual hard plastic cylinders
(about 9 cm in lenrth nnd 2.2 cm inside diameter). The ends of
these cylinders were then sesled with masking tape and the speci-
men code number w2s written cn the external surface of the cylinder.
These cylinders were used for storage before and after test.

: L. . ,
In prepariny or a test each specimen was 3ubjected to
the following:

1) & small lonritudin=zl notch was filed in the thresded
sections of the specimen; this wzs designed to gid in
the remov:1 o entrapped »ir from the thresded area
after the specimen was inserted in the adaptors (see
below for specimen-adaptor assembly);

2) the specimen was washed with Freon to remove any surface

- 0ils which nirht have remained after mcchining;

- : 3) a small quartity of dilute phosphoric acid was applied

: by nind te the completec surface of the specimen; this
removed ~ny surface nxides and any machining oil not
rcmoved by the cleaninrs with Freon; this operation was
completed within 15 seconds;

4) the specimen was rinsed in warm water =and dried using
3ot ~bsorbent tissun;

5) the specimen was then subljected to a final cleaning witha
“reon,
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A clesed-loop, aanve-controlled, aviraenlicnllr-
artuated “«tigcue machlne (see Figure 5% wns employed r Tiis drc-
pram. [nis machine was enuipped with the nasessary reLoréars Lo
provide continuous readouts of the desired test infcrmszion.

A bleck diarrem o7 £ne tyoe of test mactineg tzed
is presented in ~izure 6 . Tne nrcerermer 3 a precision scliti-
state device capsble of furnisaine 21l of the required wavefl:irm
signals nccessary tc provide the strsin o stress values dem:ndec
iq the test. This sienal is ccmpared in the surmine netwcrz with
tre strain cr stress values ectually rresent at the specimen =t
any instent o time. <4ny deviaticn from the rezuired caramez:r
is sensed by the geryo-contrellss’ ¥hich suppl.es a correcticn
current signel tc tre § -yvzlve which provides tne ccrgect

‘ne

nydraulic flow and pressure tc the hydraulic actuator.
actuatcr in turn imparts the necessary displacement and lorce
tarougsh the loed cell tc the specimen. The dismetrel &.s3place-
ment of the Specimen in the cage Section is sensed by Tta? exien-
someter and tas metion is irmperted tc the LVDT {Linear verisble
displacement transducer) which supplies an electrical sipnel to
tne un=loec computer. The analor computer accepts the instantan-
eous diasmetral strsain and axisi force sirnals end cperates uznn
them to provide sirnals representine 211 of the strain and siress
ccmponents of interest. Any one of these can be gelected o=
comparison with the programmer sirnal.

ManuTacturer and ncmenclsture of the various com-

ponents of the [fatieie machines are as follows:

1. Proerammer - designed and bullf by Mar-Test inc.

2. Servo-controller - desirned and built by Mar-Zest Inc,
. hActuator - universal Fluid Dynamics, Type MDF5-H-BR
. Servo-valve - Moog, Model 76-101
HOydraulic System - 2acine, Xodel P?3V-SSC-20GRS
Toad Cell - 3trainsert, Mccéel FFL15U-2SP (K)
Tnduction enerator - Lepel, Model T-2, 5-1-K2-J-EW
Extensometer - desirned end built by Mer-Test Inc.
to messure diametral strain
9, LVDT - AZC, lModel 6233A0SBO1AX
10. &Anelopg Strain Computar - desijied and built by Mar-Test Inc.

11. Yoad Frame and rixtures - designed and built b3y Mar-Test Tnc.

O~ N F W

®ach “atimie machine consists of a sturdy three-
colurin support system connectinr two fixed, nerizontal platens.
A movable platen operates between the fixed platens ennd is hydraul-
ically actuated to provide the desired cyclic motien. The mcvable
platen contains three close-tolerance bushines wnich siide on the
chrome-plated supvort columns to impart extreme rieidicy .nd oare-
cise gli-nment to the systen,

‘The -ismetrsl sirain at the minimum diameter zcint
of the specimen is -easured usins & specislly ccnstructed die-
metral extensometer. +This device was fabricated frem Zow thermal
expansion meterials (nuartz and invar) to minimize the effects
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13.

ure cnances on extensoneter cutput. nach exten-
someter is ated prior to use by emplecvin: a special cali-
braticn fixsure. TFach device is supported horizontally {(th-t is,
in the ~ctual use position) with the extenscmeter knife edres
toushine 2 0.25 inch diasmeter solit pin. One cof the pin nalves
{s fixed and the other is displaced horizentslly te simulate a
dizmeter inarezss. This motion is controlled by the rotation of
the barrel of s special micrometer (c~lidrated arainst NBS stand-
ard). In bthis way She extensometer i8 cslibrated te witnin 10
microinches. With this type of calibraticn nnd a ¥ncwledre of
the stsdilicy and r~ceuriey of she electroninsa ~cmpenents of ne
syste~ a reasonoble estimate of the accuracy of the strain con-
trol system is 60 m.croinches per inch ‘n terms of axiel strain
ranec.

ol roon tempe
N

Befcrn any tests nre made eacn lcad cell is cali-
brated in position b7 ovlacine~ a calibrated (¥B3) :inr-Torce Gauge

(lorehouse .nstrument Jo., Hodel 5 BT, 5000 lbs capacity with an
ascuracy to 7.2 percent) in the specimen position iIn the leond
train. /s the actuator is caused to apply -~ load the output of

the lcad cell 13 plotted srainst the load ‘ndicated by the cali-
brated .tinr-Fcrce Gaurc. This calibraticn is performed ot fre-
quent intervals to insure accurate stress neasurements during
the testin~ prorram,

Sach fatirus machine has “ts own control console
which functions to supply the very precise confcol “eatuires
vhich ~re sc¢ essential to the performance of meaningful fatirue
tests. 1in addition to housinrs the tempersture controller and an
clansed time indicator sach control console contains:

a) a caelibration panel which also provides means for auto-
matic or manual control of the hydraulic solenoid and
power for auxiliary ecuipment such as the induction
renerator and recorders; * '

b) a proc~remmer which provides the required demand signal
waveform lor the test;

c) an analor st—ain computer which renerates the load and
strain cormponents for recording and control purposes;

d) a servo-controller which compares the programmer supplied
demand signal and the computer supplied feedback signal
and generates the proper control current forlthe servo-
valve; a meter relay circuit operates in conjunction
with the servo-controller to provide the means for
snutting down the system when the specimen fails.

One of the important precsutionary features of the
Mar-Test fatirue machines is the incorporation of a manually
operated by-pass valve across the hydraulic actuator, With this
valve open the test specimen cannot be exposed to any inadvertent
load transient: cCuring start-up. The hydraulic sclenocid valve
car. be enerrized with this velve open and the load transients
frequently encountered in test stsrt-up can be eliminated, Once
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the load trace is monitcred so that & smooth transfer -
-nd #11 load trensients are eliminnted.
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tne gelencié valve i3 cpaned tie by-peSs valve can be closed
slewly to bring the system under control. Durin~ this operatien
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A. Low-Uyela TPetirue

The clecsed-loop, serve-controlled low-aycle Jatifue
machine ewplcyed in thie study was titted wita a spacially con-
structed ccnteinment vessel to nllow testing in a prolective
environment. This c¢ylindrical chamber was f~bricated from
2-inch diamster »yrex tubing snd was inser-tod between the heoe_ d-
Ing fixturss. Thais small-volume enclosurc {about 170:m3) facil-
itated syctizm purying and allowed the desired pretective pas
purity levels to De maintained, Heoprens low-Iorce bellcws
at the top zad bottom comnected the chamber tc the helding fix-
tures and psrmitted the normal longitudinal motion of the spec-
imen durins cyclic loading, Side-arms on the pyrex containment
vessel provided access for the extensometer srms and a special
flexible jcint provided an affective seal without influencinr
the strain -measurement. Thermocouple lsad-throurhs were pro-
vided near the lower platen so that the thermoccuple leads ceould
be routed from within the eaclosure to the tempsrature control
system, Specimen heating was effected by an Induction coil
T wound around the external surface of the cylindrical containment
chamber (ses Figure 1).

All the low~cycle fatioue tests in this program were
performed using the specimen confipuration shown in figure 2.
Such specimens were held in speclally designed threaded adaptors
to precvide »n Integral assembly that allowed the adaptor to be
heated inductively along with the specimen itself. Larpre mating
surfaces were provided between the specimen and the adaptors to
minimize the Lemperature gradient between them. This approach
proved to be quite successful and test temperatures toc 593°C
(1100°F) were achieved quite readily. It was also shown that a
very flat lcngitudinal temperature profile was obtained.

Test temperatures wore measured using chromel-alumel
thermocouples spot-welded to the top surface of the bottom adaptor.
Special pre-test calibrations performed in a previous study em-
ployed thermocouples peened intc the surface of a copper specimen
and these were used to establish the fact that the temperature of
the adaptor which was in direct contact with the copper specimen
was within 19C (2°F) of the specimen temperature measured at the
longitudinal midpoint. These tests confirmed the idea that the
temperature of a copper specimen, mounted as described above,
could be accurately measured and controlled through the use of
a thermocouple attached to the adaptor.

Because of the temperature un’formity in the specimen-
adaptor assembly a speclal precaution must be taken to avoid
failure in the threaded portion of the specimen. This involves
the provision of a large specimen diameter in the grip regiocn
compared to the diameter at the specimen midpoint. This was also
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gur'ficient to avoid plastic deformation at the specimeg-adaptor ;
sontact point and therefore to prevent packlash and aligmment 3
changes during atrain cycling.

A fully instrumented test specimen-adaptor assembly waf
mounted in the holding fixture of the fetipue machine using =
split collet type of assembly and a special leveling device wWas
employed to assure that the specimen was installed perpendicu=lar
to the platens. A flat load cell (see previocus section) in series
«4ith the specimen was used to measure tiie load applied to the
specimen throughout the test,

Cnce the specimen wses installed within the contaim=ent
vegsel the system was purged using & ni~n flow rate of high
purity arpron (see below for inert ras specifications) Ior 30
minutes. This established the desired puziky level within tze
test crhamber. The inert gas [low rate was then lowered to a
few cmi/min and maintained at this level throupghout the test.

Before any tests were initiated the snalog strain
computer was calibrated by nakinpg use of the specimen cross-
sectional area (A) and the value for Youns's modulus (E) at
the intended test temperature. Modulus values for the two
alloys tested were determined in separate tests. The values of
A and E were used as shown in the block diacram in Firure 7 <o
renerate axial strain valuas corresponding to measured values
of diametral strain and force. This diarram provides an aicd to
en wnderstanding of the comruter calibration procedure which 1is
based on using the values ot A and b ond adjusting the complZance
control to estaslish the followins equality: -

AE = F/&

Prior to heatinrs a specimen to the desired test tempera-
ture she aystem wss placed in force control. This automatically
kept the force at zerc by rradually lowerins the movable platen
<o accouni for the thermal expansion of the svecimen as the Temp-
erature was increased, When test temperature was obtained the
analog strain computer was employed to yield a value for Poisson's
ratio. The specimen wes cycled elastically so that the actual
plastic strain, A€, , 4as zoro and the value of Poisscn's ratio
could be obtalned by .ne i_sio of the diametral to axial strainj;
thus:

. =S
Vo= T

The 1) control on tie computer was then ndjusted to force the
computer value of AEp LO Zero. tt this point the above rela-
tions were satisfied and the correct value of 1, was indicated
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on a potenziorieter turns-countin- dial or tne computer panel'(tﬁc
salue for Poilsson’s ratio, plastic, was set interrally to 2.5 in
accordance with constunt volume dulormaticn cond.iion3 ﬁCSOCi&?&d
with plastic deformation). ~t +this point ihe cormpuzer was cali-
brated and furnished a correct axial strain sipnal fer recording
snd contrcl purposes.
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“Iith the computer callbration complete the
~eady to berin. T™Wo recorde>rs were connected tc the
o monitor load and the other to rionitor the total ax:
The system was placed in sutomatic control and tne stre
~redually Increased to the cdesired level. <Iais -radual incr
+to the desired strein level requires 5 or ¢ cycies and geveids
spzcimen damaze due to "oversnootine! the straln range which can
cccur if an attempt 1s made to impose the desired strain level

~ the irst loadins cycle. When the desired straln range Was
~eached the test conditions were kept constant untii fracture
occurred. liysteresis loops were recorded cn~an i~y recorder
during the first few cycles and st frequent intervels tnerealter.
In addition, a continuous recordin~ was made of ihe eppiied lced
ond the associated plastic strain. When the specimen ~ractured,
sne shut-éown circult autometically de-ener~ized theo entire test-
inf system including the induction generator, the hydraulic ran,
she timing device and the recorders. liowever, tae protective en-
7ivonment system renained functional) until the specimen cooled to
rcom temperaiure.
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Zigh purity :ruaranteed na,997%% purity or becter)
~~ron ras was employed as the protective envirenment for the
fivst few tests in the Task 1 portion of this prorran. It
was found, nowever., tast more protection was afforded by the
use of a slightly rasvains environment which consisted of

his same =niph purity srcon r2s with an add>%ion of 1000 ppm

of hydroren. This letter environment provided cchpletely
satisfactory results for 211 tne hizh temperature tests of the
zirconium-zcpper alloy specimens. Some indication of the
effectiveness of this envircnment in these tests is provided

by the fzct that some of the Tnsk 2 tests involved durations
close to €0 rours »nd yet the apecimens had = clean nd bright
appearance at the end of the test. It wes not found nece3sary
tc employ the tantalum "getter" foil used in some of the Task 1
evaluations,

B. Short-Term Tensile

Yessurements cf short-term tensile benavior were made
using the same hydraulically—actu@ted, servo-controlled fatigue
machines employed in the low-cycle fatirue evaluntions. urthner-
more, the seame specimen design was employed and thz specimen pre-
paration, test environment, installztion and instrunmentation pro-
cedures were identic2l to tnose employed in the fatifue tests.
Tnese short-term tensile tests were performed using a diametral
extenscmeter and the true d% ametral strain rate was kept constant
at the specified value (the corresponding axial strain rate wes
about twise this value).

Ry T -

T T et ikt

2 aa
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5 chart recording Was ~ade ¢l the

Por sach test & stri L 3 70 ies
egsured &7 ametral strain 238 =& function of tirie and, in addition,
.‘ 5 ., 3 ~ -
an x-y recnrdinm Wel made of tae load versus diametral strain.

‘“hese traces provize test information f{rom the instant of load

applicaticn 2ll tre way to fracture.

=

¢, edulus of Zlazvticity

Yiodulus of elacticity measurements were made using
the same fatircue testing machine emnlo,ed in the I=Tiesue 2Nz ten-
sile evaluaticnz, <nere were three important differences rIWever,
Cne involved the use ol a rylindrical geze section zpecimern (see
Firures 3 and L instead ol the hourglass-shaped specimen wnile
the second difference involved the use of an =2ir instead ¢l an

arron cnvironment., The thlird difference was asacaizted with the
use of an axiesl rather than a diametral extensometer. Tnis axial
ecxtensometer wa3 ceveloped at llar-Test inc. for use in scne special
low-cycle Tati~ue 2vsluaticns of hirh tewperature zsnisctropic
materinls wnicn reguired thiat the exial strain be bot: measred

and controlled. +Trnis device ia shcwn schematically in “irured

and is seen Sc consist of norizontal arms {1.25 cn Ziemeter quartz
rods) mounted in the same vertical plane, an elasti~ {invar) hinge
assembly, on LVOT, special quartz tips which contact tne cylindri-
cal rage sectlIon specimen %o identify the gare len~ch, 2 soring-
loaded fizture which maintains the contact betwacn the sxtenso-
meter tips and the gare section, end a specially desipmed suspen-
sion systen which eccommodates the axlal deflestion of the speci-
ren extermsl tc the ~are section as well ss the a;721 strain which
oceurs within the -are secSion. This suspension system also allows
the extenscreber Lo move horizontally to follow tne diavetral
chanres which take place as the specimen is londed.

-~

1thou-2 the extensoneter has a varisble ragzc I2nrth
ceature, =2 0.5 inch ~a-e lenrta was established for the modilus
measurements. Tne 0.5 inch rapre len~th was establisned with a
special zare block et roon tenmperature. Use of this device =allow-
ed for tne definition of %he rape length within 0. percent. A
fixed mechanical reference point wa3s then established for she 0.5
inch rage lenrth snd related directly to an elsctrizal reference.
7ith this technique the 0.5 inch rage length could >e reprcduced
indevendent of the specimen temperature.

s21ibration of tne extensometer was achieved by sus-
pendinr snd attaching: the extcnsometer to a specisl calidbration
fixture to clcsely simulate the technique employed iIn an actual
test. The rotaticn of a precision Barrel-type microneter {con-
tainine 0.00001 inch divisions) with a non-rotatins head ceused
a2 known amount of either positive or nerative displ=cement <o
cccur at the extensometer tips edres. This procedure prcvidad
in“ormation as to the shabiiity, linearity, hysteresis, repeata-
bility and ocverall accuracy of the extensometer and control circuitry.
 ~pasonable estimate of tre overall accuracy of the strain con-
trol system is about 30 micro-inches per inch,
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Figuré 8- Schematic diagram of axial extensometér used in
Modulus of Elasticity measurements.
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tempserature instrurenteticn were tiie seme as employed in the ten-
sile and fatigue testings, With the exiensometer in place the
specimen was loaded elastically and a continuous trace cof the
José versus strain benaviecr was obtaized using an M-Y recorder.
The slope of the line defined on this <Iracs vielded the desired
mod:us velue Tor each test tomperature,

Specimen mo nsine (i.2. using threaded adaptors) and
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V. - TZST 2ESULTS AMD DISCUSSICH CF PESULTS

=z

A - Short-Term Tensile

1. Yield St-engtn, Tltimate Strencth and 2eduction in Ares

i
.

A1l of the short-term tensile te§t3qwere ?erfgrmed in L
vplicate sc 7yield the results presented in Yable 1. -n zenersal,

tre penroduzidility of the measured property values was ex-=
vrements was well

da

cellent. ~zrsement between duplicate meses
within 10 percent.

Plcts shewing the effect of temperature on the gield
strenzth, zltimate tensile strength and tze recuction in area
are presented In Figure 9. The room temperature and 538°C data
are included to provide a comparison over the entire tempera-
ture range covered in this program. A gradual decrease in yield
and ultimate strength is indicated as the temperature is in-
crsased to 5939C. A slight increase (about 10 percent of the
room temperature velue) in the reduction in area is noted over
this same temperature regime,

A limited assessment of the effect of strain rate on
the short-term tensile properties was performed at 538°C. These
data ars listed in Table 1 and are presented graphically in
Figure 10. In general, a slight increase in yield strength,
ultimate strength and reductioE in ares is_noted as the strain
rate is incressed from L x 10=4 to 1 x 102 sec-l, .

2. Modulus cf Elasticity

Mezsurements of the modulus of elasticity were made
in air to yield the results presented in Table 2. Here again
duplicate tests resulted in excellent reprocucibility as the
measurements from one specimen to another agreed within a.few
percent.

A plot showing the modulus of elasticity data at the
various test temperatures is presented in Figure 11,

B - LOW-CYCLE FATIGUZ

1. Temperatu~e Effects

It was the intent in this phase of the program to
identify the fatigue life at 482° and 593°C using the strain
ranges corresponding to 300- and 3000- cycle life as determined
in the Task 1 tests at 538°C., As this testing began at 482°C
for the R-2 alloy it was found that the 300-cycle strain range
of 6.1 percent from the Task 1 results, ylelded a fatigue life
which was lower than expected, It was decided, therefore, to
continue the testing using a strain range of 5,0 percent to
evaluate the fatigue behavior in the lower-life region.
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TABLE 1 - Short-lerm Tensile Properties of -2 (2r-Cu, 1/2 Hard) Alloy

Measured in Argon

Diametral lxtensometer iJourglass-Shapod Specimens
Spec. No. Tgmp., Strain 0.2% Offset Ultimate icduction

C ﬂate,l Yield Strength, Tensile in

sec 2 Strength, Aren,

MN /m N /i o

{-2-18 182 2 x 1073 222.0 240.5 82

1-2-19 182 2 x 1073 229.0 242.5 82

R-2-20 593 2 x 1072 156.5 168.5 89

R-2-21 593 2 x 1073 156.5 165.0 89

{=2-22 538 1 x 107° 211.0 225.5 86

K-2-23 538 1 x 107 203.5 225.0 85

R-2-2 538 I x 1074 182.5 185.0 3y

R-2-25 538 b x 107 182.5 198.0 79

€2
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Jable 2 - lodulus of ulastlcity Talues for H=2 (2r - Cu, 1/2 iard)
Alloy Tested in Air Usine a Strain Rate of 2 x 10 -3 sec-l

Axial tixtensoneter Cylindrical Gage Section Specimen

Temp., !
°¢ I"odulus of #lasticity, Z-I".I/mz
Spec. No. Spec. iHo.
2-2-15 (-2-16
0 116.0 x 107 110, 5 x 107
260 102.7 x 10° 103.7  10°
ke 85.1 x 10° 66,3 10 103
538 80.6 x 103 81. x 103
3 66.95 x 103 70.0 x 10°

*9e
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surmscy of sue 1ow-Cy atiy r3 obhalned in
o the prec.-ram 13 sresented in Table 3. n these
tne modulus of elazticity wilues which were used in
-alibraticn at each rorpevsature &v2 listed and were
tna actnal modulns mensurerents made in ancther por-
Task 2 o7 ’cnh, Also included In thege table3 are:
ths vaiue of Poisson's ratio measured in each vest
s total axial 3trein rance

tie stress ranpge cbsarved et ths start of the test
sha 3=ress rense, plaatic atrain range snd elastic
strain range observed a point in the test corres-
sonding to one=hall of the fatirue 1i7e {i.e. Np/2)
=he fatiyme 1ife, "7

an indication of whetner cyclic strain hardening

or cyclic strain softening was observed,
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A logzarithmic plot of the total strain range versus
cycies to failure Is presented in Figure 12, Also inclucded in
this [igure for comparative purposes ia a faired curve for the
1-2 alioy waich was identified at 5389C in Task 1. No notlceable
temperature effect is indicated a3 tne fatipue life appears to be
essentially the same at 482° &nd 5939G, There is an apparent dis-
srepancy in the nigh strain rangze repion where the data at 482°C
ar.é §330. indicave a lcwer fatirue life than that delined by the
cu~7e at 538°C, 1t is felt, however, that this is not a real
di~ference and arises because the curve at 538°C was positioned
wizz only a limited number of test points in the nigh strein ranges.
This conclusion is supported by the plot shown in Pigure 1.5 based
or. the R-2 test points at 5380C rrom Task 1 and those obtained for
this material at 482° and 593°C in the Task 2 tests, It seems clear
fre= this plot thiat a more representative curve for the zirconium-
copper (1/2 hard) alloy is obtained when 511 these results are
considered Sorether, This plot in Pipure 13 also supports the
corslusion that the data at all three temperatures define essen-
tisily the sume behavior within a fairly narrow scatter band.

2. 3train-fate mffects

Low-cycle fatifue tests were performed _in arion at 538°C
using strain rates of 4 x 107 sec—L and 1 x 10~2 sec™! with the
results shown in Table 4. These data are presenied graphically
in Mgure 14 to indicate a definite strain-rate effect. As the
stmain rate is decreased the creep effect becomées more prominent
ané is evidenced by a reduction in the fatigue life.

3., Zcld-Time Effects

sn evaluation of the effect of hold periods (at peak
st=ain) on Catigue 1ife was performed in argon at 538°C, In
sr.c3e tests, two different strain ranges were employed anld the
~7:ling rate, exclusive ¢f the ncld period, was always 2 x 10"3
se>=1, ‘old period durations were set equal to four times the

e . = e et T £l Yatbetn



Table 3 - Low-Cycle fatiruc Test Results Obtained in

Argon Usinp n 3traln iate of 2 x 1073 soe™?

R-2 Series Axial Strain Control
Zirconium Copper; 1/2 Hard A - Ratio of infinity
at Nf/2 1
Total Stress I
Spec. Poisson's Strain Range at Cycles to
No. Ratio Ranre, Start, 136;%' ‘365) Yoty Failure Aiemarks
% MN /m2 s o UN /m?

1482°C; E . 85.5 x 103 1 /m?

R-2-26 0.34 6.1 72 5.8 0.3 257 201 softened
R-2-27 0.33 1.41 483 1.16 0.22 207 2,985 soltened
-2-28 0.335 6.1 196 5.8 0.31 265 176 softened
R=2=2Y 0.335 1.41 u82 1.16 0.26 221 2,135 softened
R-2=30 0.3 5.0 1468 h.72 0.28 241 260 softened
593°C; E . 68.95 x 103 MN /m®
R-2-31 0.32 1.4 283 1.28 0.131 90.4 3,380 sor'tensd
R-2=32 0.33 5.0 283 .83 0.153 105.5 36 softened
R-2-33 0.33 1.5 303 1.37 0.1k 96.5 2,008 softenecd
R=2-3l 0.33 5.0 317 4.9 0.175% 120 23l softenecd

‘62
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Table |} - Low-Cycle Fatipue Teat Results Obtained in Arpon
at 538°C Uslng Iwo Different Strain dutos
R— 2 Series Axial Strain Control
Zirconium Copper; 1/2 Hard A - Ratio of infinity
E . 80.7 x 103 IN/m®
Stroess at Nf/2
Total Range at Nf’
Spec. Poisson's 1S?t;r-a:m Start, AE N N Cycles to
. ange, ’
No. Ratio M /m A % MN /ma® Failure Remarks ;
Strain Rete « 4} x 10"14‘ sec™t
R-2-36 0.34 5.0 331 5.0 0.14 113 23l saftened
t-2-37 0.35 1.4 35 . 1.28 0.13 103.5 1,613 softenod
R-2-39 0.35 5.0 32 144 814 0.14 110.5 + 238 softened
R-2-40 0.35 1.4 351 1.30 0.12 96.1¢ 3,693 softened
Strain Rate = 1 x 102 sec™t

x-2-35 0.34 5.0 y27 4.8 0.28 227 245 softened
1-2-38 0.35 1.t Ll 1.23 0.16 129 5,531 softened
R-2-441 0.35 1.4 1,00 1.22 0.155 125.5 5,215 'so;tenSJ
{=2=h? 0.35 5.0 393 .72 0.20 162 462 softened
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inuo-:s cycilins test abt the
x 10-3 sec~l,

eriod durations (in scconds) for thes: evalua-
lated vsing the followinr eXpressicn which applies
rain-time wave form employed:

"cld-Perod Duration (seccnds) = ——i;éﬁg
€, .
wenre /A€ 15 Lne Sotal strain ren~e in crm/em and € 13 the
s=vnin rate in sec—=-, Tne cyclin~ or ramp tinme Tor these tests

. iz, ¢l ecurse, emqial to nne-fourth of %tnis vaiue,

— $olri paricds ‘n the tension portien oI the cycle ware
essluated first -nd, then, duplicate tests were performed except
t-at the hol< period was inserted in the compression portion of
t~e cycle. A3l of the test resvlts obtained in these studies are
sirmarizad in Table S. In addition to the wvalue for the fatijue

47 1:7e and the observation relating to whether the material exhibited

cyclic strain hardenin~ ~r sirein softeninr, essh btest 1s listed

wiith the resulis obtained in an evaluation ol the material cheracter-
isties at 2 point correspondin~ to cae-half the fatipue life

(:.e. at 7/2). This inforration includes stress range ( ACG ),
maximum tensile stress ( Op ), manirmym corpressive stress ( a ),
tne value ¢ tie relaved stress at the end of tne hold period ( Gr ),
t~e amount o stress relaxation observed in the nhold period { R~ />
ar.d the various strain components.

~raphical presentation of the fatipue life data is
aown in Jisure 15 alons with the curves established in Figure 13.

Tz is clear that at 5389C hold periods in compression have no
effect on the fatifue life of the -2 alloy. This plot also
makes it cle-r that hold periods in tension have a much more

detrirental elfTect on fati-ue life than hold periods in compressicn.
inother observation relates to the fact thrt the tension hold-time
effect appears to become more pronounced as the strain range is
decreased despite the fact that the actual nold time is less. L
finel .cbservation relates tc a comparison between the tension hold-
time results end the results obtained at a strain rate of L x 10~
sec=l (from Ficure 1L). In both types of evaluation the cycle

tine (duration of one cycle) was the same but in all cases the
cyclic life observed in the hold-time tests was always lower

(only slichtly at the higher strain ranres but wvery noticeably

in the lcwer strain ranre recion) than that obtained in the slow
strain ate tests, This, of course, indicates 2 slightly higher
— creep damare effect in the tensile hold-time evaluations. This
behavior is consistent with what many investi-ators have found for
other materials and fits the pattern cxpected by the strain range
partitionings approach of NASA-Lewis lesearch Center,




Table 5 - Low-Uycle Fatigue Reaults Ubtained In llold-Time lasta in Arpon al

538°C Using a Ramp Strain Rate of 2 x 1073 sec”

1

R-2 Series
Zirconium Copper (1/2 Hard)

Axial Strain Control
A - Ratio of infinity

E . 80.7 x 103 MN/m?

Total Cycling Data N,
Spec. Poisson's| Strain [ cy~1£s to
No. Ratlo dange, g?gg Hold Time, failure Remarks
' sec.
sec

R-2-43 0.35 5.0 50 200, Tension 211 softened

R-2-Ul 0.35 5.0 [10) 200, Tension 190 softened

R-2-45 0.35 5.0 50 200, Compression 253 softened

R-2-U46 0.35 5.0 'S0 200, Compression 262 softened

R-2-147 0.355 1.4 1L 66, Tension 1152 sof'tened”

R-2-48 0.35 1.4 1k 56, Tension 1062 softened”

R-2-49 0.35 1.4 14 56, Compression 1947 softened; exten-
sive barrelling

R-2-50 0.35 1.4 14 56, Compression 3180 softened; exten-
sive barrelling

*Dimensional instability;see Figure 19



Teble 5 (contd.) - Low-Cycle Fatipue Sesults Obtalned in Hold-Time Tests in
Arpon at 538°C Using a Ramp Strain Rate of 2 x 1073 sec™?
-2 Series Axial Straln vontrol

Zirconium Copper (1/2 ilard)

A - Ratio of infinity
E . 80.7 x 10° MN/m°

Stress at Ng/2

Range » Re, “a
Sggc.:. S;.;;rt, AT, 0;' / € r o?‘mgt?};ss Aé},’ A€ )

MN /m® MN /m? pn/me | MN/md | mn/mE | Felaxation J '

MN /m # A

R-2-43 372 135 65.5 69.5 32.4T 33.1 L4.97 0.126
R-2-U4 380 152 75.8 76.2 37.9T 37.9 4.95 0.142
R-2-45 379 131 63.5 67 36.5C 30.5 5.0 0.124
R-2-146 369 131 62 69 40.0¢C 29 5.0 0.126
R-2-147 379 107 49.6 S7T.4 29, 6T 20 1.31 0.108
R-2-148 370 111 4.5 56.¢ 32.4T 22 1.30 0.11
R-2-49 382 119 58.7 60.3 41.4¢ 18.9 1.29 0.124
R-2-50 381, 125 60.0 6h.2 Wly.1C 20,1 1.28 0.13

*P for tension and C for compression

*4Bgged on relaxed stress range
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L., elaxaticn Behavio»

Zech cycle of a hold-time teat provides a brief in-
terval of s<ress relaxation as tre total strain is held constant
and the time-dependent conversicr of elastic to plastic strain
yields a corresponding decrease in stress, This behavior was
rccorded in the form of continuous load versus time traces to
provide a r<laxation curve for esch cycle., These traces, of
course, led to the identification of the G , GCg ., 0,
and R vzlues (at Y r/2) mentioned in the previous section.

After the first few hcld-time tests were performed it
was decided to modify the date rscording sequence slightly to
allow for tze recordinr of a more detailed relaxation curve, In
this modification the speed of the paper drive on the strip chart
recorder was increased manually, for one cycle, from the usual
value of 0.25 or 0.5 cm per mim:te to a value of 15 or 30 cm
per minute, This manipulation was performed in the range of the
tenth cycle and had the objective of providing en expanded relax-
ation curve to enable the relaxa:ion behavior to be analyzed more
easily and the results to be compared from test to test and from
material to material.

Since an extensive amount of relaxation information was
renerated in the hold-time porticen of this program some limited
assessment cf these results was considered to be warranted. OCne
corparison resultinr from this evaluation is shown in Fipure 16
where the relavation curves for Spec, Nos., R=-2-45 and R-2-4é are
presented. Both tests involved £ 5,0% strain range wita a 200~
second hold period in compression and the reproducibility is seen
to be very impressive. Also plotted in Figure 16 are some data
points taker from the relaxation curve obtained for Spec. Xo.
R-2-4)y (5.0% strain ranre but a 200-second hold period in tension).
These points indicate that the relaxation behavior (for the mater-
ial included and for the test ccnditions employed) in tension is
very similar to that observed in compression. It will be noted
that the amcunt of relaxation obtained after 100 scconds Is iden-
tical for tke tension and compression hold periods. However, it
does appear that the tension relaxation within the first second
or so is much rreater than that in compression, XYor example,
after the first secogd the tensile stress in 3pec. :l-2-Yl} was
relaxed by 22.0 MN/m< whereas in the ssme time interval the com-
pression stress in Spec. Nos, R-2-45 and R-2-l6 had relaxed by
only 16 MN /=2,

Another interesting observation evolving from this
analysis of relaxation behavior pertains to the asmount of re-
laxation, Rg- , obtained in each cycle., This quantity was
greatest in the first cycle and continuously decreased as cycling
progressed slthough the decrease was very slisht beyond the Np/2
point. Decreases in R, were quite sirm’ficant and in the
A=2-U4ly test, for exarmple, a valte of R, of 1172HN/m2 was obtained
in the first cycie and this decreased to 55 MN/m“ by the eignth
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cycle. It 1is interesting to note, however, thet after the.flrst
cycle or so the ratioc of Rp- to Uf remained constant tnroggh-
ont essentially the entire teat, This ratlo was 0.5 in the 5o
sirsin ranre tests and 0.4 in the 1.3 strain renge tests. In
c~her words, even thouvrh the G value was decreasing because

of the cyclic strain softenins the amownt of pelexation obtained
was nlways (alter the first cycle or two) the same fraction of Gy«
~is obsecrvation also applies to the relaxation in compression

witn the use of &z rather than G; in the above mentioned ratio.

Jyeclic Strecs-Strain dehavior

4 briel commoarison of tie moniotonis ~and cyclic stress-

stra‘n behavior is prescnted in Firuve 17. lionotonic behavior was
ocboained from the stress-strain curves defined in the short-term
tensile tests while the cyclic behavior corresponds to the /2

S
data piven in Table 3.
Phesn plots emphaesize the gipnificant cyclic strzin

softenins tant is sinmibited by the 1/2-herd zirconium-copper at
both 82¢ and 5.3C¢..

6. slastic nnd Plastic Strain .‘anrce ‘neiysis

tn an~lysis of the elcostice and plastic strain range
ts °wo- Teble 3 led to the results shown in Fipure 18, Linear
~olations are identified for the elastic and plastic strein com-
porients and the slopes of these lines are =0.13 and -0.60 res-
pectively. These values are close to those specifisd by the
Universal Slopes equation.

7. Jirensional instability in -2 Specimens

Durins the course of the low-cycle fatirue testing of
the -8 series, -1 seriss and -2 geries in the Task 1 portion
of this procram some of the sSpecimens were found to exhibit a
definite dirmensional instebillty referred to as "barrelling',
which was most pronounced in the higher ductility materials and
in the tests performed st the higher strain ranres. This insto-
bility was characterized initislly by 2 deviation from the hour-
class shape as the rerion st the ninimum dinmeter point tended
to become cylindrical. In subsequent stapes of this instebility
the specimen diameter increased noticeably in the rerions just
above and below the plane of the specimen correspondings to the
extensometer location and in certain tests (particvlarly in tie
1.8 series described in the Task 1 report) the instability was so
severe that the specimen appeared to have a notched confifuration.
Sorie instability was arain observed in certain tests of the zir-
conium-copper alloy performed 'n the Task 2 portion cf tiie progres.
This instability first became nrominent in the hirh strain range
(5,.) tests at a strain rrte of I} x 10~ sec—l where the test cdura-
tions were on the order of 15 hours., It became even more noticenbl=
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in the lowe~ atrain ranre tests (1.4%) at this ssme strain rate
where the test durations were Iron 30 to 70 hours and in the hold-
time tests at the hignh strain ranges when compression heold periods
were involvei, And it became particularly severe in the hold-time
tests at the lower strain rangres,

in illustration of this behavior 1is presented in “igvre 1
for & [ow selected R-2 specimens, Tn Spec. No, 2-.2-28 (test d-ra-
ticn of about 3 hours) the varue berinning of barrelling is in-
dicated by tie formation of a zone of metel whicl: is visibly differ-
ent and whisa is syrmetric nbove and below the minimum diameter
point of the specimen. This zone is easily detected by the fairly
distinct boundaries which form as noted in Fifure 19. In longer
durztion tests such as those involving slower strain rates or hold
periods, the barrellinr becomes more pronounced and "the  specimen
recnetry exhibits some drastic chanres, Two cases of extreme di-
mensional instebility are shown in Figure 19 for Spec. Nos. R-2-47
and -50. Tn the one case » "double-necking" region is formed and
a slipht c:tension of the specimen length is observed while in
Spec. No, 1-2-50 a sijmificant increase in dismeter on either side
of itne exztensometer location is observed with a decided (about
0.5 cm) shorteninr of the specimen., Near fracture Spec. No.

1-2-50 had the distinct appearance of a notched specimen.

VII - CONCLUSIOQIS

This report has presented and discussed the test results
obtained during the Task 2 portion of this contract. follbwing
the evaluation of twelve candidate materials on Task 1 of this
program, one copper-base alloy having the most potential as &
rocket nozzle material was selected for more detailed evaluatlon
during the Task 2 portion of this effort. Short-term tensile,
modulus of elasticity, and low-cycle fatigue evaluations were
performed tc a maximum temperature of 5930C, Special attention
was devoted to an assessment of temperature and strain rate
effects on short-term tensile and low-cycle fatigue behavior and
the effects of hold periods on the low-cycle fatirue life were
evaluated at 5380C, In addition, modulus of elasticity measure-
ments were made over the range from room temperature to 5330C.
A1l tensile and fatijue testing was perforned in arson using
hourglass shaped specimens while the modulus of elasticity measure-
ments were performed in air using cylindrical eare section specimens.

During the Task 2 effort 35 tests were performed in pro-
viding the desired information. A detaliled summary of the test
results 1s presented in both tabular and rraphical ferm and an
analysis of the test data led to the following cbservations:

1) the tensile properties were not significantly affected
by strain rate st 538°C over the range from L x 10°% to
1 x 10-2 sec-l;

(UL IR 1] i
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2)

4)

5)
&)

the modulus of elasticity decreased from about 115,000
to 70,000 ¥N/m2 over the temperature span from room
temperature to 5939C;

the %=2 alloy exhibited a very decided cyeclic strain
softening;

the fatigsue 1ife of the R-2 slloy at a strain rate of

2 x 10-3 sca-1 was unafected by temperature cver the
»anre from 482° to 593°C;

the fatipue life ol the -2 alloy at 538°C was decreased
as the strain rate decreased;

the fatigue 1life of the R=2 alloy at 63807 was decreased
by hold periods in tension; hold periods in compression
exerted essentially no effect on the fatigue life;

the amount of stress relaxation which occurred during a
tension hold period was the same 83 that observed in a
compression hold period of the same duration;

after tne first fatipue cycle or S0 the ratio of the
stress decrease due to relaxation %o the stress level

at the start of the hold period remained essentially
constant throughout the test. .



